Environmental context. Aqueous-phase processes in fogs and clouds can significantly alter atmospheric fine particles with consequences for climate and human health. We studied the influence of fog and rain on atmospheric aerosol properties, and show that aqueous-phase reactions contribute to the production of secondary aerosol species and change significantly the composition and microphysical properties of aerosols. In contrast, rains effectively remove aerosols and reduce their concentrations.
Introduction
Atmospheric particulate matter (PM) plays important roles in many environmental issues. It influences the radiative balance of the Earth's climate system directly by absorbing and scattering solar and thermal radiation and indirectly through affecting cloud formation and cloud properties. [1] Airborne particles are also of concern for their adverse effects on human health [2] and ecosystems. [3] The various effects of ambient particles are controlled by their concentrations, compositions, size distributions and other physical and chemical properties. Aqueous-phase processes involving fog, cloud, precipitation and aerosol water may significantly influence these properties. On the one hand, water droplets enhance the removal of aerosol and its gaseous precursors from the atmosphere; on the other hand, airborne droplets and water-containing aerosols provide media for dissolution of gas species, aqueous-phase reactions and production of secondary aerosol species (i.e. low volatility species that remain in the particle phase after water evaporation). A quantitative understanding of the influence of aqueous-phase processing on aerosol chemistry is thus important for addressing issues related to PM pollution and its effects.
The PM levels in the San Joaquin Valley (SJV) -the southern part of the Central Valley of California -often exceed the national ambient air quality standards. [4] The valley also frequently experiences widespread, persistent regional radiation fogs during wintertime, owing to its unique geographical features and meteorological conditions. [5] Early studies on SJV fog or cloud chemistry focussed on the characteristics of inorganic species in fog waters, [6, 7] with a few reports on measurements of carboxylic acids and carbonyls. [8] [9] [10] [11] These studies showed that fogs can effectively scavenge secondary inorganic aerosol species and their gaseous precursors and that the production of sulfate can be enhanced significantly by fog processing. The production of nitrate from nitrogen oxides (NO x ), however, was found generally insignificant in fogs. [12] In the past decades, changes in the chemical composition of the atmosphere due to significant reductions of regional emissions may have largely altered fog chemistry in this region. For example, slower production of sulfate was observed during winter fogs in 1995 compared to observations in the 1980s, because of lowered sulfur dioxide (SO 2 ) concentration in this area and lack of oxidants inside the fog layer. [13] As a result, nitrate and ammonium have become dominant components in fog drops in California. [14, 15] In recent years, studies on fog chemistry have given increasing attention to organic species. Dissolved organic species, including aromatic carbonyls, [16, 17] phenols and nitrophenols, [18] carboxylic acids, [14, 19, 20] amino compounds, [21] [22] [23] humic-like substances [24, 25] and various other species [26] [27] [28] [29] [30] [31] were studied in detail in fog waters. Specifically, comprehensive characterisation of organic matter in Davis [32] and Fresno fog waters [33, 34] led to the identification of hundreds of organic species with a variety of functional groups, including organic acids, amines, nitrosamines, organosulfur compounds, organic nitrates and oxygenated species. Although these studies have increased our understanding of the composition of organic matter in fog drops and aerosols, the production and removal of different fine particulate organic compounds in the atmosphere remain poorly understood. More work is needed to elucidate the scavenging processes of carbonaceous particles originating from different source types and to determine the significance of secondary organic aerosol (SOA) formation due to aqueous-phase reaction pathways. [5] Previous studies on aerosol-fog interactions mainly analysed fog water and aerosol compositions off-line, and lacked detailed real-time information on the characteristics and temporal variations of interstitial aerosols, especially those in the submicrometre size range (PM 1 , i.e. particles with an aerodynamic diameter less than 1 mm). As PM 1 account for a major fraction of fine aerosols that have serious effects on human health [35] and climate [36] a quantitative understanding of fog processing on PM 1 is essential. Aerodyne aerosol mass spectrometer (AMS) systems have been deployed around the world to characterise quantitatively the composition and size distribution of PM 1 . [37] [38] [39] The AMS data can also provide valuable information on the sources and processes of organic aerosols (OA) through advanced data analyses using factor analysis techniques. [40] This instrument, together with other on-line equipment, was used for characterising PM 1 and studying SOA production during a fog event in London. [41] In addition, an AMS study conducted north of San Francisco, CA, found that interstitial particle mass concentrations reached a maximum under foggy conditions. [42] These observations of enhanced PM 1 concentrations in fog are to the contrary of those from past studies, which often reported the overall reductions of aerosol concentrations during fog episodes. [13, 43] Therefore, the effect of fog processing on submicrometre aerosol chemistry deserves more in-depth investigations.
In this study, we report the characterisation of submicrometre particles using an Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) and a scanning mobility particle sizer (SMPS) during a field campaign operated in winter 2010 in Fresno, California. This study was part of the Aerosol Inhalation Toxicology project supported by the San Joaquin Valley Aerosol Health Effects Center at the University of California at Davis (http://saherc.ucdavis.edu/, accessed 3 June 2012). A main objective of the project was to investigate the mechanistic links between ambient particles and the health effects that they elicit. [4, [44] [45] [46] [47] During this campaign, dense fog events and persistent precipitation occurred, and in this paper, we focus on the effects of fog and rain on submicrometre aerosol chemistry. We first present an overview of the PM 1 characteristics and then discuss in detail the effects of fog processing and rain scavenging on different aerosol species.
Experimental methods

Sampling site and instrumentation
Fresno is located in the central region of the SJV, at ,200 miles (,322 km) north of Los Angeles, 170 miles (,274 km) south of the state capital, Sacramento, and 160 miles (,257 km) east of the Pacific Ocean coast. With a population of ,500 000, Fresno is the largest city in the SJV. Our sampling site (36848 0 35.26 00 N, 119846 0 42.00 00 W) was located at the University of California Center at Fresno, ,600 m east of a highway (Yosemite FWY-41), bounded by residences to the north and a commercial centre to the south across the principal arterial road -Shaw Avenue (Fig. 1 ). From 9 to 23 January 2010, a HR-ToF-AMS (Aerodyne Inc., Billerica, MA) and a SMPS (TSI Inc., Shoreview, MN) were deployed to characterise ambient particles in real time, with time resolutions of 5-10 min. A PM 2.5 cyclone (URG Corp., Chapel Hill, NC) was placed at the inlet of the sampling line to remove particles (and droplets) larger than 2.5 mm in aerodynamic diameter and a diffusion dryer was used to remove moisture in the aerosols before SMPS analyses. The relative humidity (RH) of aerosols sampled by the HR-ToF-AMS, which was measured by a RH probe mounted directly in front of the AMS inlet, was 33 % on average (range: 20-60 %) during this study, indicating that the particles sampled into the AMS were overall dry. The HR-ToF-AMS measures the size-resolved chemical composition of non-refractory submicrometre particles (NR-PM 1 ) using thermal evaporation (,600 8C) and 70 eV electron ionisation (EI) mass spectrometry. [48] The mass spectrometer switched between 'V' mode and 'W' mode every 5 min, allowing for both highly sensitive quantification of individual species (detection limits of V-mode were ,10 ng m À3 ) and improved chemical resolution for organic analysis (mass resolution of W-mode was ,5000 in this study). [49] Under V-mode operation, the HR-ToF-AMS also cycled through the mass spectrum mode and the particle time-of-flight (PToF) mode every 15 s, spending 6 and 9 s on each.
The HR-ToF-AMS was calibrated for particle sizing using both pure ammonium nitrate and standard polystyrene latex (PSL) spheres (Duke Scientific Corp., Palo Alto, CA) generated from aqueous solutions using a collision atomiser, across the diameter range of 100-700 nm before the start of the campaign. The calibrations of ionisation efficiency (IE) were performed before, during, and at the end of the campaign using sizeselected monodisperse pure ammonium nitrate particles. The standard procedures for the size and IE calibrations are given elsewhere. [48] The detection limits (DLs) of the AMS were determined as 3 times the standard deviations (3s) of the measured values in particle-free ambient air sampled through a high efficiency particulate air (HEPA) filter. [50] The filtered air measurement was conducted in the middle of the campaign (1600-1700 hours on 18 January). The 5-min DLs for organics, sulfate, nitrate, ammonium and chloride were determined at 60, 11, 8, 30 and 12 ng m À3 for V-mode measurements. The propagated 5-min DL for total NR-PM 1 (organics þ sulfate þ nitrate þ ammonium þ chloride) was 0.06 mg m À3 .
HR-AMS data analysis
The HR-ToF-AMS data were analysed using the standard ToF-AMS analysis toolkit SQUIRREL v1.51H and the PIKA module v1.10H (downloaded from: http://cires.colorado.edu/jimenezgroup/ToFAMSResources/ToFSoftware/index.html, accessed 3 June 2012) written in Igor Pro 6.22A (Wavemetrics, Portland, OR, USA). The raw mass spectra were processed using the standard fragmentation table described by Allan et al. [51] with a few adjustments based on data recorded during the filtered air period (e.g. the 16 O þ to 14 N þ ratio for air signal and the subtraction of gaseous contributions to the measured CO 2 þ signal). In addition, the signals of H 2 O þ and CO þ for organics were not directly measured but scaled to that of CO 2 þ based on the fragmentation patterns proposed for ambient aerosols [52] :
. The fragmentation pattern of H 2 O þ was determined based on the fragmentation pattern of the background water signal:
A collection efficiency (CE) of 0.5 was introduced to account for the incomplete transmission and detection of particles by the HR-ToF-AMS during this study. This value is consistent with observations from many ambient AMS studies. [48] Recently, Middlebrook et al. [53] evaluated the dependency of CE on aerosol composition and concluded that the CE of acidic particles or particles with a high nitrate fraction (e.g. NH 4 NO 3 . 40 % of PM 1 ) may increase, whereas the CE of dry particles doesn't show significant change with the organic fractions. As presented in the section 'Overview of aerosol characteristics', NR-PM 1 during this study were overall fully neutralised and the mass fraction of NH 4 NO 3 was normally below 40 %, supporting the use of CE ¼ 0.5. As shown in Fig. 2a , the SMPS-measured particle volume correlated well with the AMS-measured total mass (R 2 ¼ 0.90) and the correlation was independent of the RH in aerosols (Fig. 2b ). In addition, the mass-based aerosol size distributions measured by the HR-ToF-AMS ( Fig. 2c ) also showed similar evolution patterns as the particle volume distributions (calculated assuming spherical particles) measured by the SMPS (Fig. 2d ). Note that the discrepancies in the observed size distributions between these two instruments may be due to time-dependent variations in particle density and the presence of irregularly shaped particles. [50] This is because the AMS and the SMPS respond differently to particle density and particle shape. [54] For example, whereas the AMS-measured D va is proportional to particle density, the SMPS-measured mobility diameter (D m ) is independent of it. [54] In addition, as a particle becomes less spherical, the AMS reports smaller D va whereas the SMPS reports larger D m . [54] Despite tight correlation, the intercomparison of the AMS mass v. the SMPS volume yields a slope of 2.04 g cm À3 (Fig. 2b ), significantly higher than the average dry NR-PM 1 density of ,1.3 g cm À3 estimated for this study based on measured particle composition, [50] which consists of ,26 % ammonium nitrate (density ¼ 1.72 g cm À3 ), ,4.4 % ammonium sulfate (density ¼ 1.77 g cm À3 ), ,2.3 % ammonium chloride (density ¼ 1.52 g cm À3 ), ,38 % primary organic aerosol (POA, density ¼ 1.0 g cm À3 ) and ,29 % SOA (density ¼ 1.27 g cm À3 ) [55] (Table 1 ). The slope would be even higher if the masses of black carbon (BC), which was not measured during this study, were accounted for. Possible explanations for this discrepancy include loss of particles in the diffusion dryer connected to the SMPS and the difference between the two instruments in their maximum transmission sizes (e.g. the upper limit of the cut-off size of SMPS is ,700 nm whereas the AMS has partial transmission for particles up to ,2.5 mm [48] ). Overall, the good correlation between the AMS and SMPS loading and size distribution data support the use of CE ¼ 0.5 for this dataset. The relative ionisation efficiencies (RIEs) [48] Effect of aqueous-phase processing on aerosol chemistry C used in this study were 1.1 for nitrate, 1.2 for sulfate, 1.3 for chloride and 1.4 for organics. A RIE of 3.85 for ammonium was determined based on calibration using pure NH 4 NO 3 particles.
The V-mode data were analysed to determine the mass concentrations and size distributions of the species, whereas the W-mode mass spectra were used to compute the elemental ratios (i.e. oxygen-to-carbon (O/C), hydrogen-to-carbon (H/C), nitrogen-to-carbon (N/C) and sulfur-to-carbon (S/C)) and the organic mass-to-carbon ratio (OM/OC) of the organics. [52] The high-resolution mass spectra of organics were further analysed by positive matrix factorisation (PMF) [40, 56, 57] to distinguish the source types of OA. Three POA factors, including a hydrocarbon-like OA (HOA) associated with traffic emissions, a cooking-influenced OA (COA), a biomass burning OA (BBOA) associated with residential wood combustion and an oxygenated OA (OOA) representing secondary OA were identified. Details on OA factor analysis and interpretation are presented by X. L. Ge, A. Setyan, Y. Sun and Q. Zhang (unpubl. data).
The hourly meteorological data including RH, temperature, rainfall, photosynthetically active radiation (PAR) and horizontal wind speed and direction during the campaign were downloaded from the California Air Resource Board (CARB) meteorological database (http://www.arb.ca.gov/aqmis2/ metselect.php, accessed 3 June 2012). Concentrations of the gas pollutants (CO and ozone) were also acquired from the CARB website (http://www.arb.ca.gov/html/ds.htm, accessed 3 June 2012). Liquid water contents in the air were measured for the first week of the campaign by Herckes's group at the Arizona State University. The time reported in this paper refers to Pacific Standard Time (PST), which is the same as the local time.
Results and discussion
Overview of aerosol characteristics Table 1 
. Average (±1r) mass concentrations (lg m 23 ) of PM 1 species and their fractional contributions (±r) to the total NR-PM 1 mass from 2100
to 1100 hours in the morning of the 2nd day during the fog, 'other' and rain periods as marked in Fig. 3 The values for the entire study are also listed. POA, primary organic aerosol; OOA, oxygenated organic aerosol (a) Comparisons between total non-refractory submicrometre particles (NR-PM 1 ) mass (organics þ sulfate þ nitrate þ ammonium þ chloride) measured by the high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) v. apparent particle volume (calculated assuming spherical particles) measured by the scanning mobility particle sizer (SMPS), (b) scatter plot of the total NR-PM 1 mass v. SMPS volume (data points are coloured by the relative humidity recorded at the AMS inlet), and temporal variations of the size distribution of (c) PM 1 mass and (d) SMPS volume. Note that the AMS size distribution data was recorded in vacuum aerodynamic diameter (D va ) and the SMPS size data was in mobility diameter (D m ). For a spherical particle,
over the course of the study. The weather during this campaign was generally wet (average RH ¼ 85 %) and cool (average temperature ¼ 9.8 8C) with occasional sunshine (Fig. 3a) . The diurnal variations of both RH and temperature were fairly weak, on average changing 4 8C and ,10 % between day and night ( Fig. S1a , b of the Supplementary material, see http://www. publish.csiro.au/?act=view_file&file_id=EN11168_AC.pdf). The cool and humid weather is typical in the SJV during wintertime, favourable for the formation of dense and widespread radiation fogs. [5] During this study, three fog events, each lasting 7-11 h, occurred during the first week (9-15 January). The fog periods were identified based on measurements of high liquid water contents in the air (.20 mg m À3 ; P. Herckes, ASU, pers. comm.). Consistently, the hourly RH values were always above 97 % during these periods (Fig. 3a ). The first two fog events both started at ,2400 hours (0040 and 2345 hours) and persisted until a few hours after sunrise (,0700 hours). The third fog episode began earlier at night (2055 hours) and dissipated before sunrise (0405 hours). In the last week of this study, from the late afternoon of 17 January until the end of 22 January, the weather in Fresno shifted to a pattern of frequent rainfall under prevailing overcast sky conditions. A rain event that lasted for ,4 h also happened in the early morning of 13 January (Fig. 3a) . The whole HR-ToF-AMS measurement can be partitioned into three conditions: foggy, rainy, and 'other'; the 'other' periods refer to those outside of the identified 'fog' and 'rain' periods mentioned above. The wind direction during this study was predominantly from the east and south-east ( Fig. S1c-f ). The concentrations of CO presented some large spikes in the first week, but remained at a relatively low level during the second week, during which the weather was rainy and with strong easterly winds ( Fig. 3a-c) .
In contrast, the ozone concentrations were lower during the first week (Fig. 3c ). The concentrations of all PM 1 species varied dynamically during this study, showing very low levels (,0.4 mg m À3 ) during rains and short excursions to high levels (.40 mg m À3 ) associated with plumes enriched in primary organic species ( Fig. 3d-f ). On average, the mass concentration of total NR-PM 1 (organics þ sulfate þ nitrate þ ammonium þ chloride) was 11.7 mg m À3 , dominated by organics (,67 %) and nitrate (,20 %). Sulfate (average AE 1s ¼ 3.3 AE 3.7 %) and chloride (average AE 1s ¼ 1.5 AE 1.9 %) were always small contributors [58] the relatively low PM 1 loading observed in this study was likely due to the strong scavenging and dilution influences from rain events (see section 'Effects of fog processing and rain scavenging on submicrometre aerosols') and possibly the lack of detection of supermicrometre particles by the AMS. Throughout this study, nitrate, sulfate and chloride in PM 1 appeared to be fully neutralised by ammonium, i.e. the molar equivalent ratios of these anions and ammonium were near 1 (Fig. 4) , indicating that the inorganic species were mainly present in the forms of NH 4 NO 3 , (NH 4 ) 2 SO 4 and NH 4 Cl. However, the average measured-to-predicted NH 4 þ ratios in PM 1 were larger than 1 during the fog episodes ( Fig. 4 ) and the average values were 1.17 and 1.10 during the first two events. One reason for this apparent 'excess' ammonium in PM 1 was that carboxylate ions (e.g. formate, acetate and oxalate) were not accounted for in the ion-balance calculation. Enhanced dissolution of gaseous ammonia, which is abundant in Fresno, into deliquesced particles was also a possible reason. Although drying of particles in the sampling line (due to higher indoor temperature compared to ambient) would have led to evaporation of some dissolved ammonia, the drying was relatively fast (a few seconds) and some ammonia could still remain in the particle phase (A. Wexler, UC Davis, pers. comm.). In addition, when the gas and particles go through the critical orifice that lowers the pressure before the aerodynamic lens in the HR-ToF-AMS, the air cools substantially because of the isentropic expansion, allowing the re-condensation of ammonia. [59] Consistently, previous studies indeed observed that the SJV fog waters were usually alkaline [14, 60] and enriched in small organic acids [14] and that the formation of ammonium nitrate in the SJV is limited by the availability of nitric acid, rather than ammonium. [61] Previous PM 2.5 measurements in Fresno also observed the dominance of organics followed by ammonium nitrate. [58, 62, 63] In this study, we observed the dominance of OA (67 % of NR-PM 1 mass v. 20 % by nitrate) in Fresno, out of which ,57 % was contributed by POA emitted from local anthropogenic sources, including cooking, vehicle operations and residential wood combustion (Ge et al., unpubl. data). As shown in Fig. 5a , POA displayed a distinct diurnal pattern, reaching a maximum during early evening, corresponding to a period of time when emissions from rush-hour traffic, dinner cooking and residential wood burning for heating were exacerbated by collapsing boundary layer height. Similar observations were reported in Chow et al. [64] for PM 2.5 .
The diurnal profiles of the concentrations of major secondary aerosol species (ammonium, nitrate, sulfate and OOA) for the entire study were generally flat (Fig. 5a ), indicating the regional characteristics of these species. [50, 65] These species, however, showed slightly higher concentrations during the night, likely due to enhanced gas-to-particle partitioning and aqueous-phase processing facilitated by the relatively lower temperature and higher RH at night and the frequent occurrence of night-time fogs. Lower mixed layer depth and calm wind at night may contribute to the accumulation of these species as well. The size distributions of all the secondary species showed the prevalence of a droplet accumulation mode (D va of 200-700 nm) that stayed fairly constant in intensity and mode size between day and night ( Fig. 5d-f ). However, the size distributions of nitrate and OOA were generally broader than that of sulfate, likely due to stronger influences from gas-to-particle partitioning on the formation of these two species. The campaign-averaged size distribution of OOA was the broadest among all secondary species (Fig. 6a) . The narrowest size distribution of sulfate ( Fig. 6a ) among all species suggests that the formation of sulfate was likely more controlled by aqueous-phase reactions during this study. This conclusion is consistent with the fact that gas-phase photochemical production of sulfate was unlikely an important process given the overall low solar irradiation combined with the low SO 2 concentration in the region. Aqueous-phase reactions, which are a well known pathway for sulfate formation in the atmosphere, [66] were likely important in Fresno during winter because of the overall wet and foggy conditions.
The POA concentration increased substantially at night ( Fig. 5a ) and was associated with a broadening of the size distribution down to D va , 100 nm (Fig. 5c ). The particle number distribution also indicated enhanced emissions of ultrafine particles at night (Fig. 5b) . The average size distribution of total POA (Fig. 6a ) was clearly different than those of secondary species, showing a bimodal distribution with a more prominent mode at ,150 nm that reflects the influences from primary emissions. As a result, POA dominated the composition of ultrafine particles whereas the contributions of secondary species (OOA þ sulfate þ nitrate þ chloride þ ammonium) gradually increased with the increase of particle sizes (Fig. 6b ). Overall, POA accounted for more than 90 % of the mass in ultrafine particles and secondary species accounted for more than 75 % of the mass in accumulation mode particles.
Effects of fog processing and rain scavenging on submicrometre aerosols
As shown in Figs 3 and S1c, winds readily blew from a narrow angle between eastern and south-eastern directions over the course of the campaign. Although the wind speed was generally low during the fog periods, much stronger winds were often encountered during precipitation ( Fig. S1c-f ). This wind pattern ). [87] The data points are classified into fog, rain and 'other' periods as marked in Fig. 3 .
indicates small variations in terms of particle sources, which provides a reasonable Eulerian frame of reference allowing us to investigate the evolution of ambient aerosols under different conditions. Specifically, aerosols were exposed to highly humid conditions during both fog and rain periods (Fig. 3a) . However, given that raindrops (,1 mm) are much larger than fog droplets (mean diameter of ,10-15 mm), wet scavenging of aerosols is much more effective in the rain.
To investigate the effects of fogs and rains on aerosol characteristics, we compared the average concentrations and size distributions of individual species between the three weather conditions: foggy, rainy and other. As all three fog episodes occurred within the time window between 2100 and 1100 hours of the 2nd day, we show in Figs 7 and 8 the comparisons using data sampled during this time period only. The results corresponding to the entire periods defined in Fig. 3 are overall similar to those determined for the period from 2100 to 1100 hours only (Figs S3, S4 ). In the rest of this manuscript, our discussions on the comparisons refer to the results corresponding only to the period from 2100 to 1100 hours, unless otherwise noted. The average NR-PM 1 mass loading was lower during both foggy (14.2 mg m À3 ) and rainy days (3.8 mg m À3 ) than during 'other' periods (15.3 mg m À3 ; Table 1 ). In particular, the occurrence of rains reduced the NR-PM 1 mass concentration by more than a factor of 3 (Fig. 7) . Aerosol compositions were very different among these three conditions too. Compared to the 'other' periods, the average concentrations of ammonium sulfate, ammonium nitrate and OOA all increased during fogs whereas that of POA decreased ( Fig. 7a and Table 1 ). The decrease of POA during fog episodes was mainly attributed to reduced primary emissions from traffic, food cooking and residential wood burning from midnight to early morning. The total concentration of OOA, sulfate, nitrate and ammonium increased by an average 3.0 mg m À3 during fog periods compared to 'other' periods ( Fig. 7a ), indicating that secondary aerosol production outweighed wet scavenging in fogs. As a result, the mass fraction of secondary species was the highest (85 % of NR-PM 1 ) during fog periods ( Fig. 7b and Table 1 ). In contrast, POA accounted for a large fraction (,40 %) of NR-PM 1 mass during rainy days ( Fig. 7b and Table 1) , resulting from preferential wet scavenging of more hygroscopic secondary aerosol species and constant inputs of POA from local emissions. Similar observations were made in New York City based on a detailed case study of size-resolved aerosol concentration and composition during a wet-scavenging event. [67] Among the three conditions, the average size distributions of all species, including sulfate, nitrate, OOA and POA, were the narrowest during fogs, and were associated with an enhancement in the accumulation mode peaking at ,500 nm in D va (Fig. 8) . Particles with mass median aerodynamic diameters of ,0.4-1 mm are usually referred to as droplet mode because they are primarily formed from aqueous-phase reactions in clouds and wet aerosols. [68] [69] [70] [71] In contrast, gas-to-particle partitioning of secondary species formed from gas-phase reactions mostly modifies the condensation mode (,0.2 mm) particles. [66, 69] This is because the condensational growth rate of a particle decreases with the increase of size, therefore, in the typical atmospheric lifetime of particles, the condensation mode does not grow beyond 0.2 mm. [70] Note that D va (the aerodynamic diameter measured in the free-molecular regime) is different than the classical aerodynamic diameter measured in the continuum regime (D ca ) in that D va equals D ca times the square root of particle density for spherical particles but they relate differently to the dynamic shape factor. [54] Because the average density of particles was ,1.3 g cm À3 in this study and particles dominated by secondary species were likely to be spherical, the D va /D ca ratio was expected to be close to 1. In addition, the droplet modes defined in Hering and Friedlander [68] and in John et al. [69] were based on size measurements under low pressure; the reported particle diameters were thus similar to D va . The significant mass increases of sulfate, nitrate and OOA in the droplet mode during fog episodes (Fig. 8a-c) are thus consistent with aqueous-phase production of these species led by fog processing. The narrowing of the size distribution of POA (Fig. 8d ) during fog events was probably due to coagulation or due to the mass production of secondary species which appear to be internally mixed with POA during fogs.
In contrast, the size distributions of sulfate, nitrate and OOA were much broader during rain periods (Fig. 8a-c) in association with huge reductions of the mass concentrations ( Fig. 7a and Table 1 ). This observation reflects the effects of rain on aerosol chemistry and microphysics, which are governed by wet scavenging that preferentially removes hygroscopic secondary species enriched in the droplet mode. However, the fact that these secondary species all demonstrate a broader size distribution with a relatively enhanced condensation mode peaking at ,200 nm (D va ) during rains compared to no-rain periods also suggests that condensational growth of secondary aerosol species might have occurred due to the continuous emissions of both primary particles and gaseous species. This assumption is consistent with the observation that primary ultrafine particles from combustion sources dominated aerosol population during the rain periods (Figs 3f, S2 ). However, because rains were usually accompanied by strong winds (Fig. 3b) , air pollutants were much diluted and the concentrations of primary pollutants such as POA and CO were on average lower during rain periods compared to the 'other' conditions (Figs 3, 7) .
Effects of aqueous-phase processing on SOA formation
As discussed above, raindrops had significant scavenging effects on aerosol whereas fog processing enhanced the production of secondary aerosol species (Figs 7, 8 ). Because the increases of sulfate, nitrate and OOA all occurred in the submicrometre droplet mode (Fig. 8) , aqueous-phase chemistry seems to have played an important role. An explanation is that under the very high RH condition in fogs, waterrich particles as well as fog droplets are able to capture more soluble gases such as ammonia, nitric acid, NO x and SO 2 , leading to more efficient production of ammonium nitrate and sulfate. Similarly, the dissolution of water-soluble volatile organic compounds (VOCs) may also be enhanced in fog drops and deliquesced particles and the aqueous-phase reactions of these compounds may generate low volatility species that remain in the particle phases after water evaporates. [66, 72] This SOA formation pathway in aerosol water was supported by both laboratory studies [73, 74] and field observations. [41] Compared to the 'other' periods, the concentration of OOA increased by an average of ,0.5 mg m À3 during fog episodes (Fig. 7a, Table 1 ), and the increase occurred primarily in the droplet mode whereas OOA concentration in particles smaller than 300 nm (D va ) actually decreased (Fig. 8c ). Because fog droplets, which are too big to be transmitted by the AMS aerodynamic lens, could have scavenged a fraction of the submicrometre aerosols, we analysed the fog waters sampled Effect of aqueous-phase processing on aerosol chemistry I during the three fog episodes in the laboratory using the HR-ToF-AMS based on the method reported in Sun et al. [75] We found that the composition of fog water organics was almost identical to that of OOA indicating that OOA was preferentially scavenged compared to POA. The total amount of OOA in fog waters and interstitial aerosols during fog events exceeded the average OOA concentration of the 'other' period by ,1.9 mg m À3 , corroborating aqueous-phase SOA formation. An increase of SOA concentrations was observed recently during winter fog episodes in Kanpur, India. [76] In addition, aqueous-phase SOA production was observed based on single particle mass spectrometry in a fog event in London although the OOA concentration determined by an AMS did not show an increase, [41] consistent with our observation that a portion of the OOA was incorporated into fog droplets. Additional evidence for aqueous-phase SOA production during this study is the detection of methanesulfonic acid (MSA, CH 3 SO 3 H) or mesylate (CH 3 SO 3 À , the deprotonated anion of MSA) in PM 1 . In the HR-ToF-AMS data, several sulfur-containing organic ions (i.e. C x H y S n O z þ , in which x $ 1, y $ 1, n $ 1, z $ 0) were observed (Fig. 9b ). Among them, CH 2 SO 2 þ , CH 3 SO 2 þ and CH 4 SO 3 þ were separated well from adjacent ions (see Fig. S5e -g) and thus quantified with high confidence. The correlations among the time series of CH 2 SO 2 þ , CH 3 SO 2 þ and CH 4 SO 3 þ were tight ( Fig. S6 ) and the signal intensity ratios were remarkably similar to those observed in the pure MSA spectrum acquired by the HR-ToF-AMS (Fig. 9a, b) , confirming the presence MSA or mesylate in Fresno aerosols. The other C x H y S n O z þ ions detected (i.e. CHS þ , CH 3 S þ CH 2 SO þ and CH 3 SO þ ; Fig. 9b ) were likely contributed by other organosulfur compounds in addition to MSA, because (1) they correlated poorly with each other or with CH 2 SO 2 þ , CH 3 SO 2 þ and CH 4 SO 3 þ and (2) their signal ratios in ambient aerosols were clearly different than those observed in MSA (Fig. 9a, b ). However, it is important to point out that the quantifications of CHS þ , CH 3 S þ CH 2 SO þ and CH 3 SO þ were also subjected to interferences from adjacent ions ( Fig. S5a-d) . Given that CH 2 SO 2 þ , CH 3 SO 2 þ and CH 4 SO 3 þ appear to be the signature ions of MSA, we estimated the MSA concentrations (mMSA) using the following equation: Fig. 9 . High-resolution aerosol mass spectrometer (HR-AMS) spectra of (a) methanesulfonic acid (MSA, CH 3 SO 3 H), (b) average signals of the organosulfur ions detected in Fresno OA, (c) sodium hydroxymethanesulfonate (HOCH 2 SO 3 Na) and (d) ammonium sulfate and the average sulfate signals detected in ambient Fresno aerosol. Note water and ammonium ions are excluded in (d).
where mCH 2 SO 2 þ , mCH 3 SO 2 þ and mCH 4 SO 3 þ are the signal intensities of these three ions measured in ambient aerosols (organic-equivalent mg m À3 ) and 0.147 is their fractional contribution to the total signal in the HR-ToF-AMS spectrum of pure MSA (Fig. 9a ). Note that the MSA spectrum acquired in this study shows a very similar pattern to that of the HR MSA spectrum reported in Zorn et al. [77] The average concentration of MSA during this study was estimated at 0.018 mg m À3 , which corresponded to ,0.5 % of the OOA mass.
Previous studies indicate that MSA is a SOA species that mainly originates from the oxidation of dimethyl sulfide (DMS) emitted from oceans. [78] This conclusion was also supported by recent measurements with highly time-resolved aerosol mass spectrometry. For example, Phinney et al. [79] and Zorn et al. [77] quantified MSA over sea using AMS and found that the diurnal trends of particulate MSA concentration correlated with oceanic biological activities. In addition, using a laser-based singleparticle mass spectrometer, Gatson et al. [80] and Huffman et al. [81] detected MSA in particles in Riverside, an inland urban site in southern California. Gatson et al. [80] found that the highest ambient MSA concentrations were associated with daily westerly winds that delivered coastal emissions across the Los Angeles (LA) Basin to Riverside, and also demonstrated that the production of MSA was due to blooms of DMS-producing organisms along the Californian coast. In this study, however, particulate MSA does not seem to show a clear association with emissions from the ocean. The Pacific Ocean is ,160 miles (,257 km) to the west of Fresno but winds blew from the east and south-east for most of the time during this study (Figs 3b, S1c), indicating that the MSA observed in Fresno was likely associated with non-oceanic sources. Indeed, widespread continental sources for DMS and dimethyl sulfoxide (DMSO), both of which are precursors of MSA, were observed previously. [82, 83] As shown in Fig. 10 , MSA correlated well with sulfate, nitrate and OOA (R 2 ¼ 0.65, 0.77 and 0.72), suggesting that the secondary aerosol species shared common oxidation pathways. Because sulfate was likely produced mainly by aqueous-phase reactions in this study (see section 'Overview of aerosol characteristics'), the good correlations further suggest important roles of aqueous-phase processes on the formation of nitrate, OOA and MSA. Previous studies indeed found that the formation of MSA can be strongly enhanced by aqueous-phase processing (see Barnes et al. [84] and references therein).
Hydromethanesulfonate (HMS) (HOCH 2 SO 3 H), the HSO 3 À adduct of formaldehyde, has been identified as a tracer for aqueous-phase SOA production in fogs and clouds (see Whiteaker and Prather [85] and references therein). This compound was detected in submicrometre particles by laser ablation single particle mass spectrometry. [85, 86] However, probably due to thermal decomposition on the vaporiser (kept at ,600 8C in this study), the HR-ToF-AMS spectrum of HMS is dominated by CHO þ , CH 2 O þ , SO þ and SO 2 þ (Fig. 9c) , which are the common ion fragments in ambient aerosols. No characteristic AMS ions suitable for fingerprinting HMS were identified. However, unlike ammonium sulfate (Fig. 9d ), HMS doesn't generate SO 3 þ , HSO 3 þ or H 2 SO 4 þ ions in the HR-ToF-MS (Fig. 9c ). We thus expect to see increases in the peak ratios of
and SO 2 þ /H 2 SO 4 þ in ambient aerosols should a significant amount of HMS coexist with sulfate. Yet, such increases were not observed, suggesting that HMS may not be produced in an appreciable amount in aerosols during this study. A possible reason is the very low SO 2 concentrations in the region leading to a low HSO 3 À concentration in fog droplets. Nevertheless, the observation of significant quantities of sulfur-containing organic ions and the detection of MSA that closely correlate with major secondary aerosols species suggests that aqueousphase reactions, enhanced by frequent fog episodes, may have 0.15 0.10 0.05 0 1 0 -J a n 1 1 -J a n 1 2 -J a n 1 3 -J a n 1 4 -J a n 1 5 -J a n 1 6 -J a n 1 7 -J a n 1 8 -J a n 1 9 -J a n 2 0 -J a n 2 1 -J a n 2 2 -J a n 2 3 -J a n Effect of aqueous-phase processing on aerosol chemistry K played an important role in SOA production in the SJV region during winter.
Although both gaseous and aqueous-phase reactions are likely important sources of SOA in Fresno during winter, we were able to separate out only one OOA factor for this study. A possible explanation is that the bulk compositions of SOA produced from these two reaction pathways are overall similar, so that their mass spectra are not different enough to be separated by factor analysis. Another possible reason is that ambient particles in Fresno during wintertime were subjected to convoluted gas-phase and aqueous-phase reactions and aerosol populations are thus indistinguishable according to individual processes. As a result, the one OOA factor identified by the PMF model in this study likely consisted of SOA species formed from both gas-phase and aqueous-phase reactions.
Because every factor extracted by PMF is assumed to have a constant spectrum throughout a study period, the chemical variations of the factors would be represented in the residuals of the model fit defined as the differences between the measured signals and the reconstructed signals. [40] To examine the chemical variations in OOA, we determined an OOA resid matrix by subtracting the contributions of HOA, COA and BBOA from the measured OA mass spectrometric matrix (ORG):
OOA resid ¼ ORG À ðts HOA Â ms HOA þ ts COA Â ms COA þ ts BBOA Â ms BBOA Þ where ts HOA , ts COA and ts BBOA are column vectors representing the time series of HOA, COA and BBOA, and ms HOA , ms COA and ms BBOA are row vectors representing their corresponding mass spectra resolved from PMF. Note that although the mass spectra of HOA, COA and BBOA may actually vary from time to time in ambient air, we assume they are constant during the study period. Alternatively, OOA resid equals the OOA matrix (ts OOA Â ms OOA ) plus the residual matrix from the 4-factor solution. The time series of OOA resid , i.e. ts OOAresid (a column vector), was subsequently determined by summing all the elements in each row of the OOA resid matrix. The mass concentrations of individual elements in OOA and OOA resid correlate well with a linear regression slope of ,1 and the time series of OOA resid agree well with that of OOA (Fig. S7) , consistent with the fact that the 4-factor solution was able to account for most variance of the ORG matrix. The OOA resid factor, however, is different to the OOA factor directly from PMF in that the mass spectrum of OOA resid is variable as a function of time whereas that of the OOA is constant. The variations in the mass spectrum of OOA resid allowed us to examine the bulk chemical differences of the oxygenated species among different meteorological conditions. As shown in Fig. 11 , both the fCO 2 þ (the fractional contribution of CO 2 þ to the total organic signal) and the O/C ratio of OOA resid were on average higher during fogs than during the other two types of periods whereas a decrease of the average H/C ratio was observed during foggy conditions. The averaged HRMS of the OOA resid for the three conditions are shown in Fig. S8 . These results indicate that the oxidation degree of SOA was likely enhanced by fog processing. Similarly, previous studies observed that SOA produced in the aqueous phase is generally more oxygenated than SOA formed in the gas phase. [66] 
Conclusions
We deployed a HR-ToF-AMS and a SMPS to characterise the chemical composition and size distributions of submicrometre aerosols in Fresno, CA during winter 2010. PM 1 was dominated by secondary species, including oxygenated organics (,29 %), ammonium nitrate (,26 %), ammonium sulfate (,4.4 %) and ammonium chloride (,2.3 %). Primary organic species emitted from food cooking, fossil fuel and residential wood combustions together accounted for ,38 % of the PM 1 and ,57 % of total OA. The temporal and diurnal variation profiles of sulfate, nitrate, ammonium and OOA correlated well with each other, suggesting that their formation pathways were generally similar during this study. The size distributions of all secondary species demonstrated a prevailing accumulation droplet mode (,500 nm in D va ), indicating strong influences from aqueous processes. POA showed a different behaviour -its concentration reached a maximum at early night and its mass-based size distribution peaked at a small mode (,150 nm in D va ), reflecting the influences from different emission sources (i.e. transportation, cooking and wood burning).
Fogs and rains have very different effects on aerosol properties. For instance, aerosol concentrations were substantially reduced during rains and the particles became enriched in primary organic species, indicating the predominant wetscavenging effects of raindrops on the more hygroscopic secondary aerosol species. In contrast, all secondary aerosol species increased in concentration, and end up accounting for an average 85 % of NR-PM 1 mass, during fog periods despite scavenging by fog drops (although to a lesser degree compared to rain scavenging). This observation, combined with the substantial enhancements of the droplet mode in the size distributions of sulfate, nitrate and OOA during fogs, indicates the production of secondary aerosols species by aqueous reactions. Further evidence for aqueous formation of SOA is the detection of mesylate (CH 3 SO 3 À ) that correlated tightly with sulfate. It is known that the atmospheric formation of both MSA and sulfate are strongly enhanced by cloud and fog processes. The aqueous-phase reaction pathway was particularly favourable for sulfate formation during this study due to high humidity and frequent fog episodes and limited gaseous oxidation associated with low solar radiation. In fact, the good correlations among all secondary species point to the general importance of aqueous-phase reactions, which could occur in both airborne droplets and aqueous particles, on secondary aerosol production in the Central Valley of California during winter. Our results also show that fog processing appeared to have increased the oxidation degree of the OOA/SOA. In summary, our study suggests that aqueous-phase processing can have important effects on submicrometre aerosol loading, chemistry and microphysics, and thus significantly alter their relevant climatic and human health effects.
